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ABSTRACT
The optical morphology of galaxies holds the cumulative record of their assembly history, and techniques for its quantitative charac-
terization offer a promising avenue toward understanding galaxy formation and evolution. However, the morphology of star-forming
galaxies is generally dictated by the youngest stellar component, which can readily overshine faint structural/morphological fea-
tures in the older underlying stellar background (e.g., relics from recent minor mergers) that could hold important insights into the
galaxy build-up process. Stripping off galaxy images from the emission from stellar populations younger than an adjustable age
cutoff tcut can therefore provide a valuable tool in extragalactic research. RemoveYoung (RY), a publicly available tool that is pre-
sented here, exploits the combined power of integral field spectroscopy (IFS) and spectral population synthesis (sps) toward this goal.
Two-dimensional (2D) post-processing of sps models to IFS data cubes with RY permits computation of the spectral energy, surface
brightness, and stellar surface density distribution of stellar populations older than a user-defined tcut. This suggests a variety of ap-
plications of star-forming galaxies, such as interacting or merging galaxy pairs and lower mass starburst galaxies near and far; these
include blue compact and tidal dwarf galaxies.
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1. Introduction
How the assembly history of galaxies is imprinted on their
present-day optical morphology is one of the most tantalizing
enigmas in extragalactic research. Morphology holds the cumu-
lative record of complex and highly interlinked processes op-
erating on different temporal and spatial scales across cosmic
time, such as quasi-monolithic gas collapse into classical bulges
and galaxy spheroids, gentle gas dissipation into galactic disks,
hierarchical growth via minor and major mergers, and environ-
mentally modulated star formation (SF) in galaxy pairs/groups
and clusters (see Kormendy & Kennicutt 2004, for a review).
Various quantitative morphology indicators (QMIs; see Conselice
2014, for a review) have been proposed in recent decades and ex-
tensively employed for the characterization of large extragalactic
probes in the quest of elucidating the link between morphology,
structure, intrinsic physical properties (e.g., stellar massM? and
surface mass density Σ?, metallicity) and the evolutionary and
dynamical status of galaxies.
A first-order approximation in these studies is that the optical
surface brightness µ traces the Σ?, which essentially presumes
that the stellar mass-to-light ratio (M/L) spans a rather narrow
range of values across the galaxy extent. Whereas this assump-
tion is certainly justified for quiescent galaxies or systems with
a smooth star formation history (SFH), it cannot be maintained
for systems exhibiting a high specific star formation rate (sSFR),
such as isolated and interacting starburst galaxies. The optical
appearance of such galaxies primarily reflects the 2D distribu-
tion of the young (<∼100 Myr) stellar component, which owing
to its very lowM/L throughout overshines the older underlying
stellar background that is dynamically dominant.
As an example, in a typical blue compact dwarf (BCD)
galaxy the centrally confined starburst component dictates the
observed line-of-sight intensity and contributes 50% to 80% of
the total optical emission (Papaderos et al. 1996a; Cairos et al.
2001; Gil de Paz & Madore 2005). In BCDs and their higher-z
analogs (e.g., green peas; Cardamone et al. 2009; Izotov et al.
2011; Amorin et al. 2012, 2015) SF typically dominates down to
µ ' 24.5-25.0 B mag/′′, i.e., almost out to the Holmberg radius.
This strong disparity between µ and Σ? in star-forming
galaxies has a twofold effect: First, starburst emission can
strongly impact light concentration indices (e.g., Morgan 1958;
Abraham et al. 1996) commonly used in QMI studies. In a typical
BCD, for instance, the ignition of a central starburst shrinks the
optical effective radius by ∼70% (Papaderos et al. 2006) and can
mimick a Sérsic profile with a high (η=2-4) exponent (Papaderos
et al. 1996a, see also Bergvall & Östlin 2002), eventually leading
to its erroneous classification as an early-type galaxy. Secondly,
a tiny substrate of luminous young stars can readily masquer-
ade fainter morphological features that potentially hold key in-
sights into the recent assembly history and structural properties
of galaxies (e.g., shells and ripples as relics from minor mergers;
cf. Schweizer & Seitzer (1988) or intrinsically faint bars).
In light of such considerations, a technique permitting sup-
pression from galaxy images of the luminosity contribution from
stars younger than an adjustable age cutoff tcut appears especially
useful. Such a tool would not only be valuable to studies of QMIs,
but also to those exploring SF patterns back to a well-defined
time interval (e.g., since the infall of a galaxy onto a cluster).
This task is obviously out of reach with standard techniques,
such as near-infrared (NIR) imaging (e.g., Noeske et al. 2003)
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Fig. 1. a) Example of the application of RY to the best-fitting synthetic SED (light blue) obtained with STARLIGHT for a SDSS-DR7 (York et al.
2000) spectrum (orange) for three tcut values: 30 Myr (blue), 0.5 Gyr (green), and 5 Gyr (red). The transmission curves of the five SDSS filters u, g,
r, i, and z are depicted with shaded areas. Panels b and c show, respectively, the luminosity (x j) and mass (µ j) contribution (%) of individual SSPs
(1 . . . j) to the best-fitting population vector. The light-gray vertical lines in the upper-right panel show the ages available in the SSP library for
four metallicities (between 0.05 and 0.95 Z) and vertical arrows depict the applied tcut values. From panels b and c it is apparent that, according
to the best-fitting population vector, SSPs younger than 30 Myr contribute less than 2% of M? but nearly 35% of the observed intensity at the
normalization wavelength of 4020 Å. As a result, suppression of these young SSPs results in a significant dimming by 0.56, 0.27, 0.22, and 0.19
mag in the SDSS u, g, r, and i bands, respectively.
or state-of-the-art modeling of the observed spectral energy dis-
tribution (SED; e.g., Wuyts et al. 2012).
In this article, we present a publicly available1 tool, Re-
moveYoung (RY), which exploits the combined power of inte-
gral field spectroscopy (IFS) and spectral population synthesis
(sps) with the goal of stripping off galaxy images from the lu-
minosity contribution from stellar populations younger than a
user-defined age cutoff. The concept is outlined in Sect. 2 and
illustrated through its application to IFS data in Sect. 2.1, with
a discussion of its potential merits to various subjects of extra-
galactic research following in Sect. 3.
2. Concept and realization of RY
The concept of RY essentially consists in the elimination from
a synthetic SED of the contribution from stellar populations
younger than an adjustable age cutoff tcut and reconstruction of
the residual SED of the older stellar component. The input SED
is generally obtained through sps modeling of an observed spec-
trum as a linear combination of simple stellar population (SSP)
spectra, each fully characterizing the SED of an instantaneously
formed stellar population of a given metallicity and age. The
best-fitting population vector (PV) from a sps model Mλ encapsu-
lates the contribution of individual SSPs along with the derived
intrinsic extinction and stellar velocity dispersion. Mathemati-
cally, RY acts essentially as a ‘signal post-processing’ tool for
the recovered PV. The best-fitting model Mλ is multiplied by the
Heaviside unit step function2 H(t − tcut), permitting suppression
from the SED of the contribution from stellar populations that
are younger than an age cutoff tcut to the SED
RYλ = Mλ H(t−tcut) = Mλ0
[
N?∑
j=1
x j b j,λ rλ
]
⊗G(v?, σ?) H(t−tcut),
1 A thoroughly documented version of the code is available at
http://www.spectralsynthesis.org.
2 H(t − tcut) =
∫ t−tcut
−∞ δ(s) ds = 0 for t < tcut and 1 for t ≥ tcut.
where b j,λ ≡ LS S Pλ (t j,Z j)/LS S Pλ0 (t j,Z j) is the spectrum of the jth
SSP normalized at λ0, rλ ≡ 10−0.4(Aλ−Aλ0 ) is the reddening term
parametrized by the stellar extinction Aλ at λ, x=(x1, ..., xN? )
is the population vector, Mλ0 is the synthetic flux at the nor-
malization wavelength, N? is the total number of SSPs, and
G(v?, σ?) is the line-of-sight stellar velocity distribution mod-
eled as a Gaussian centered at velocity v? and broadened by σ?.
In the following, we use for the sake of demonstration best-
fitting PVs from the sps code STARLIGHT (Cid Fernandes et al.
2005). We note, however, that RY can be applied to the output
from any other sps code. Figure 1a illustrates the post-processing
with RY of a spectral model that is based on a library of 152
SSPs from Bruzual & Charlot (2003) spanning an age between
1 Myr and 13 Gyr for four metallicities (0.05, 0.2, 0.4, and 0.95
Z). Panels b&c show, respectively, the light and mass contribu-
tion (%) of the library SSPs composing the PV. The structure of
the latter, as a linear superposition of SSPs, facilitates straight-
forward reconstruction of the synthetic SED of the stellar com-
ponent older than any age cutoff, as illustrated in panel a for three
tcut values (30 Myr, 0.5 Gyr, and 5 Gyr).
Also, RY computes and exports several other quantities,
such as the apparent magnitude of the stellar component with age
t ≶ tcut in several standard broadband filters (Johnson-Cousins,
Bessel, SDSS, 2MASS and others), with the provision of correc-
tion for intrinsic extinction. Further important features ofRY are
computation of UV-through-NIR broadband magnitudes from
the best-fitting SED and hybrid observed+synthetic magnitudes
through substitution of spectral intervals of a filter transmission
curve eventually not covered by observations by the modeled
spectrum; for example, estimation of the SDSS i band magni-
tude from a low-resolution spectrum from the CALIFA IFS sur-
vey spanning a spectral range between 3745 Å and truncated at
7300 Å. Besides the magnitudes and SEDs of stellar populations
with t ≶tcut, RY also exportsM?, both prior to and after correc-
tion for the mass fraction returned into the ISM.
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Fig. 2. Two-dimensional application of RY on CALIFA IFS data for the star-forming galaxy NGC 3991. a: true-color SDSS image composite; b-d:
surface brightness maps (mag/′′) computed by spaxel-by-spaxel convolution of the r-band filter transmission curve with the observed spectrum
(µobs; panel b), the best-fitting stellar SED to the observed spectrum (µfit; panel c), and after removal with RY of stellar and nebular emission
associated with ongoing or recent (≤30 Myr) star formation (µ(OBS-30 Myr); panel d). Subtraction of the latter from µobs yields the µ enhancement
(in mag) owing to the recent SF (panel e), which shows a close spatial correlation with the Hα flux (in log 10−16 erg s−1 cm−2; panel f) and Hα
equivalent width (in Å; panel g).
SDSS
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Fig. 3. Application of RY on CALIFA IFS data for the luminous BCD galaxy NGC 7625. The panels have the same meaning as in Fig. 2.
a
b
Fig. 4. a: Surface brightness profile (SBP) of NGC 7625 (open circles)
computed from SDSS r-band data with the overlaid gray line showing
a linear fit to the LSB host for R?≥20′′. Filled circles show synthetic
r-band SBPs obtained by applying RY to CALIFA IFS data for four tcut
values (0, 0.3, 3, and 5 Gyr). b: true-color composite image computed by
applying the flux-conserving unsharp masking technique by Papaderos
et al. (1998) to the SDSS g, r, and i images. The contours delineate the
morphology of the emission-line free stellar continuum between 6390
Å and 6490 Å, as obtained from CALIFA IFS data.
2.1. Two-dimensional application of RY to IFS data cubes
Two-dimensional applications of RY for stripping off the young
stellar component from IFS data cubes are greatly aided by the
structured format in which the computed quantities are stored.
To demonstrate the 2D functionality of the code, we apply it
next on two nearby SF galaxies from the second public data re-
lease (García-Benito et al. 2015) of the CALIFA galaxy survey
(Sánchez et al. 2012). Both systems were initially processed with
our automated IFS pipeline PORTO3D (Papaderos et al. 2013;
Gomes et al. 2016a), which allows for spectral modeling with
STARLIGHT and derivation of emission-line fluxes, equivalent
widths (EWs), and kinematics. Fits were computed spaxel-by-
spaxel between 4000 Å and 6800 Å using the same SSP library
as in Sect. 2.
The first galaxy, NGC 3391 (D=50.9 Mpc; Fig. 2), hosts in-
tense SF activity at the NE tip of an elongated cometary (also re-
ferred to as tadpole) host galaxy (cf. the true-color SDSS image
composite in Fig. 2a) that manifests itself on a g-i color –0.1. . . -
-0.5 mag and an EW(Hα)∼300 Å over a region of ∼2.5 kpc in
diameter. Spectral fits indicate that SF in that region has been
ongoing since ∼ 108 yr with the young (≤30 Myr ≡ tcut,1), ion-
izing stellar component representing ≈4% ofM?. The synthetic
surface brightness µ (mag/′′) maps in panels b&c were com-
puted from the IFS data cubes by convolving the observed (µobs)
and modeled (µfit) SED with the SDSS r-band filter transmission
curve. Assuming for simplicity that nebular continuum emission
is negligible (e.g., however, see Krüger et al. 1995; Papaderos et
al. 1998), subtraction of µfit from µobs permits quantification of
the luminosity enhancement (≈–0.2 mag, corresponding to 17%
of the r-band line-of-sight intensity) due to nebular line contam-
ination in the NE SF region. Panels d&e show, respectively, the
reconstructed µr for the stellar component older than 30 Myr
and its difference to µobs. Much like in Fig. 1a, suppression of
the young SF component (along with nebular emission) has a
striking effect on the SED, revealing a complex µr-enhancement
pattern by ∼–0.6 mag all over the NE half of NGC 3991 and up
to –1.2 mag in its off-center SF knot (panel e). As apparent from
comparison with the Hα and EW(Hα) maps (panels f&g), there is
a good spatial correspondence between the µr enhancement be-
cause of ongoing SF (panel e) and its nebular tracers, which adds
circumstantial support to the soundness of the approach taken.
A second example of the 2D application of RY to IFS data is
given in Fig. 3 for the luminous BCD NGC 7625 (D=23.7 Mpc,
Thuan & Martin 1981; Cairos et al. 2001, 2012). Panel d shows
the µr map of the stellar component for t ≥tcut,1 with panel e
revealing a complex µr enhancement pattern reflecting the inter-
play between young stars, dust obscuration, and extended nebu-
lar emission (cf. panels f&g).
With an increasing tcut,RY uncovers a progressively smooth,
lower surface brightness (LSB) elliptical host with a central µr of
19 mag/′′ for a tcut=5 Gyr. This value is 1.3 mag fainter than the
observed µ and in excellent agreement with the results from R-
band profile decomposition by Papaderos (1998). The potential
of RY for surface photometry studies of star-forming galaxies
can be better appreciated from panel a of Fig. 4, where we show
with open circles the observed SDSS r-band surface brightness
profile (SBP) of NGC 7625 together with synthetic r-band SBPs
Article number, page 3 of 5
A&A proofs: manuscript no. RY1_06_07_2016
(solid circles) computed from the CALIFA IFS data cube for
four tcut values. It can be seen that the synthetic SPB for tcut=0
Gyr matches the observed SPB out to the maximum photomet-
ric radius (R?<∼30′′) corresponding to the CALIFA field of view,
except for its innermost (<∼3′′) part because of the lower FWHM
(∼2′′.7) of the IFS data. At tcut=0.3 Gyr (blue symbols), the SBP
suggests a flattening of the exponential intensity profile of the
LSB host inward of ∼15′′, which might be reproduced by, for
example, the modified exponential fitting function proposed in
Papaderos et al. (1996a) or a Sérsic profile with η < 1. This
pronounced intensity flattening at intermediate radii also implies
that SF activity in NGC 7625 is not confined to the innermost
part of the LSB host, as SDSS true-color images suggest, but is
instead spatially extended over the central ∼30′′ of the BCD. In-
dependent support of this conjecture comes from unsharp mask-
ing of SDSS g, r, and i images, which reveals a complex pattern
of multiple blue SF knots within the central ∼3.5 kpc of NGC
7625 (panel b). Finally, stars older than 3 Gyr and 5 Gyr (orange
and black symbols, respectively) describe a nearly exponential
distribution with a scale length close to that obtained from a lin-
ear fit to the observed SBP of the LSB host for R?≥20′′ (straight
gray line). It is interesting to note that the central surface bright-
ness implied from the latter fit to observed data (∼19 mag/′′)
is consistent with the central µr read off the synthetic SBP for
tcut=5 Gyr, a fact pointing to the additional potential of RY as a
supportive tool to profile decomposition studies of star-forming
galaxies.
3. Discussion and summary
Before providing an outline of potential applications of RY, we
offer some cautionary notes: Evidently, the output from RY sen-
sitively relies on the quality and soundness of solutions from sps
models. These are known to suffer from a number of deficien-
cies, such as the notorious age-metallicity degeneracy, which
may propagate into hardly predictable and as yet poorly explored
biases in best-fitting SFHs. Additionally, the rather restricted
number of library SSPs allowed by state-of-the-art sps codes (at
maximum 300 for STARLIGHT) permits a rather coarse cover-
age of the age and metallicity parameter space, which results in
a strongly discretized approximation to the true SFH of a galaxy.
Quite obviously, RY cannot offer a better time resolution than
that of the SSP library used for the input sps models. Conse-
quently, RY can fully unfold its potential only in conjunction
with next-generation sps codes that are capable of significantly
alleviating the above shortcomings.
Another aspect to bear in mind when interpreting the output
from RY is that the detectability of morphological relics (e.g.,
past SF episodes) does not only depend on their spectrophoto-
metric fading, but also on dynamical processes. For example,
differential disk rotation acts to erase signatures of an accreted
satellite within a few rotational periods (∼250 Myr for a MW-
like system). Likewise, Σ? enhancements due to minor merg-
ers could gradually disperse in the presence of processes that
eventually contribute to inside-out galaxy growth, such as bar-
driven stellar migration (Sellwood & Binney 2002; Berentzen et
al. 2007; Roskar et al. 2008; Sánchez-Blázquez et al. 2014) in
normal galaxies, diffusion of newly formed stars (Papaderos et
al. 2002; Papaderos & Östlin 2012) in dwarf galaxies, or out-
wardly propagating SF (Gomes et al. 2016c).
On the other hand, the briefly outlined applications of RY
on IFS data (Sect. 2.1) illustrate the potential of the code in var-
ious fields of extragalactic research. For example, a natural by-
product of RY is the removal of nebular emission and the quan-
tification of its effect on broadband photometry. Already, with
a conservative tcut on the order of the main-sequence lifetime
of ionizing stars (10-30 Myr), RY permits partial suppression
of bright SF regions from synthetic images; this opens new av-
enues to structural and QMI studies of starburst galaxies where
the young stellar component and nebular emission frequently
dominate within the optical extent. Combined with deep IFS,
RY may thus be regarded as an analogous yet more powerful
approach to the structural properties of high-sSFR systems than
NIR photometry. This is not only because the latter is expensive
in terms of observational time and data reduction effort, but also
because it per se does not permit complete suppression of stellar
populations younger than an adjustable age cutoff. Additionally,
the K-band M/L of an instantaneously formed stellar popula-
tion varies by ∼2 dex within 100 Myr, depending on metallicity
and initial stellar mass function, which implies that an accurate
determination of M? requires even in NIR wavelengths prior
knowledge of the SFH. The adjustable age cutoff allowed by RY
is a key advantage here, which together with an extensive set of
output quantities (e.g., M? and synthetic images for an unlim-
ited number of broad- and narrowbands) suggests a broad range
of applications. Examples follow.
i) Subtraction of the SF component from BCDs and other
starburst galaxies, allowing for improved determinations of the
central intensity distribution (and, henceforth, the gravitational
potential) of the underlying host galaxy. An unresolved question
in this context is whether the latter shows an extended flat core,
which under certain assumptions would imply a central mini-
mum in the radial stellar density distribution (Papaderos et al.
1996a, see also Noeske et al. 2003). ii) Spatial progression of
SF activity in galaxies: This subject encompasses several partic-
ular aspects, ranging from the hypothesis of unidirectional SF
propagation in cometary galaxies (Papaderos et al. 1998, 2008),
to the formation history of multiple generations of young stel-
lar clusters (SCs) in isolated and interacting starburst galaxies
(e.g., Östlin et al. 2003; Adamo et al. 2011; Whitmore, Chandar
& Fall 2007), to the outward propagation of a SF front in colli-
sional ring galaxies (Appleton & Struck-Marcell 1996; Romano
et al. 2008). Adaptive removal of SCs and/or a more diffusely
distributed young stellar substrate for a set of increasing tcut can,
in principle, provide a powerful technique for the reconstruction
of SF propagation patterns and their role in galaxy build-up. iii)
Tidal dwarf galaxy (TDG) formation: Are these entities forming
through gas collapse within a pre-existing gravitational poten-
tial from tidally ejected stars or out of a purely gaseous self-
gravitating component? (e.g., Weilbacher et al. 2002, see also
Duc 2012 for a review). Subtraction of the SF component with
RY could add decisive constraints for discriminating between
both scenarios. iv) Galaxy evolution in clusters: Galaxies falling
onto clusters may experience a complex SFH involving, for ex-
ample, an initial starburst episode followed by ram-pressure in-
duced cessation of SF (e.g., Poggianti et al. 1999) in some cases
accompanied by kpc-long, UV-emitting SF tails (e.g., Hester et
al. 2010; Kenney et al. 2014). RY offers a handy tool to explore
galaxy evolution in clusters back to several 108 yr, i.e., over the
critical phase of ram-pressure stripping. v) Last but not least, a
natural application ofRY concerns robust determinations of QMI
sets, such as CAS (concentration-asymmetry-smoothness; Con-
selice 2003) and the Gini coefficient (Lotz et al. 2004), after de-
contamination of IFS data cubes from SF or directly from Σ?
maps.
The above examples outline the potential and wide range of
applications of RY toward deciphering the galaxy assembly his-
tory in the modern era of integral field spectroscopy.
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